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ABSTRACT 


Time  and  wavelength  dependent  mathematical  models  for  re¬ 
tinal  burns  and  for  flashblindness  from  nuclear  detonations  are  deve¬ 
loped  in  this  report.  These  models  are  incorporated  into  a  com¬ 
puter  program  with  the  latest  weapon  and  burn  threshold  data  to 
calculate  safe  separation  distances  as  a  function  of  time  for  given 
sets  of  initial  conditions.  The  results,  which  present  safe  sepa¬ 
ration  envelopes  with  time  as  a  parameter,  are  included  in  the  appendices. 
Yield,  altitude  of  detonation,  visibility  and  day  c,r  night  conditions  are 
also  parameters.  Retinal  burn  predictions  with  this  model  compare 
favorably  with  the  experimental  results  obtained  during  Operation  Dominic. 
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I.  INTRODUCTION 


It  has  been  'mown  for  many  years  that  damage  to  the  eyes  can 
occur  as  a  result  of  viewing  a  very  bright  lig  si.  and  the  development 
of  nuclear  warfar«  introduced  a  new  and  potentially  more  hazardous 
light  source  capable  of  producing  eye  injuri«  s  (retinal  burns).  Further, 
it  was  recognized  that,  due  to  the  focusing  of  energy  by  the  eye, 
injury  could  be  sustained  at  extremely  long  distances--rr»uch  greater 
distances,  in  fact,  than  those  at  which  injury  could  be  produced  by  any 
other  direct  effects.  Even  though  permanent  injury  may  not  always 
be  produced,  a  temporary  impairment  of  visual  function  (flashblind¬ 
ness)  can  be  experienced  that  could  seriously  affect  an  individual's 
ability  to  carry  out  critical  tasks.  The  potential  effect  on  military 
operations  dictated  the  need  for  a  thorough  study  of  the  problems 
and  the  development  of  methods  to  predict  "safe"  distances  of  ap¬ 
proach  with  respect  to  these  two  effects.  -- 

The  purposes  of  this  report  are  (1)  to  present  consistent  and 
general  time  and  wavelength  dependent  mathematical  models  for  the 
prediction  of  retinal  burns  and  flashblindness  and  (2)  to  incorporate 
these  models,  along  with  the  latest  and  most  complete  threshold  and 
source  data  available,  in  an  efficient  and  flexible  computer  pro¬ 
gram  which  -will  determine  the  distances  of  closest  approach  (or 
safe  separation  distances)  for  specific  situations. 
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With  respect  to  retinal  burns,  the  safe  separation  distance  is 
defined  as  the  minimum  horizontal  range  from  fireball  to  observer 
(measured  along  the  earth's  surface)  that  will  prevent  the  observer 
from  sustaining  permanent  eye  damage  before  protective  action, 
such  as  a  blink,  can  occur.  In  the  case  of  flashblindness  the  safe 
separation  distance  is  the  minimum  horizontal  distance  from  fireball 
to  observer  (measured  along  the  earth*  s  surface)  that  will  enable 
the  observer  to  recover  the  ability  to  perform  a  specified  visual 
task  within  10  seconds  of  the  initiation  of  the  flash. 

II.  VISUAL  EFFECTS 

A.  Retinal  Burns 

When  a  fireball  is  viewed,  the  light  rays  received  by  the  eye 
arc  refracted  by  the  cornea,  lens,  and  ocular  media  and  focused 
on  the  retina  forming  there  an  image  of  the  fireball.  The  light 
energy  is  absorbed  in  the  retina  and  adjacent  structures,  producing 
a  region  of  elevated  temperature.  If  the  temperatures  generated 
exceed  the  biological  tolerances,  permanent  injury  will  result  with 
an  associated  permanent  loss  of  visual  function  in  the  region  af¬ 
fected.  Present  research  efforts  are  attempting  to  delineate  thres¬ 
hold  temperatures,  but  relatively  little  reliable  quantitative  informa¬ 
tion  is  available.  Lack  of  knowledge  of  threshold  temperatures 
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secessltajes  the  tuntssucd  of  threshold  criteria,  based  5350s  visual 
observations  of  retinal  changes  in  laboratory  ammals  as  a  iirsctsos 
of  retinal  exoosurc  and  an  extrapolation  of  these  results  to  humans. 


visual  imoalrmeni  due  to  a  retinal  bars  will  depend  os  the 


size,  severltv  and  location  of  the  burn. 


♦actors,  the  trrebali 


diameter  and  the  distance  from  fireball  to  observer,  determine  the 


image  size;  however,  the  bum  size  Is 


a  tunettos  o:  tne  severity  o c 


the  barn  as  well  as  the  size  of  the  image.  The  location  of  the  burs 
is  also  an  Important  factor  in  considering  the  effects  of  retinal 
bums.  Tor  example,  a  large  bum  in  the  fovea  would  seriously 
affect  visual  acuity.  However,  a  bum  is  the  periphery  would  have 
much  less  effect  on  visual  acuity  and  would  probably  result  only  in 
a”blind  spot”  that  may  or  may  sot  produce  annoying  consecuences. 
Bilateral  burns  that  Include  the  central  Z.  5°  field  would  reduce 
visual  acuity  to  about  37  per  cent  -of  normal  and  could  serlousiv 
affect  the  observer’s  ability  to  function  properly.  It  should  be  em¬ 
phasized  that  retinal  bums  can  result  is  some  Impairment  of  vision 
in  the  form  of  ’’blind  spots'5  and  reduced  visual  acuity,  but  com¬ 
plete  visual  incapacitation  is  exceedingly  unlikely. 


B.  r  lashblindness 


It  has  been  conclusively  demonstrated  that  flasablindness. 


a 


the  temporary  loss  c£  visual  sensitivity  following  exposure  to  a 
high  luminance  stimulus,  can  be  produced  by  viewing  a  nuclear  fire¬ 
ball.  The  high-luminance  flash  forms  an  afterimage  of  the  same 
relative  size  and  shape  as  the  source  and  is  perceived  as  a  bright 
or  dark  area  (depending  on  the  luminance  of  the  background)  in  the 
visual  field.  Initially,  the  brightness  of  the  afterimage  is  related 
to  the  amount  of  photo-pigment  bleached  in  the  retinal  image  area. 
Critical  detail  that  could  be  detected  prio,  to  the  flash  is  usually 
lost  against  this  bright  area  for  a  period  following  the  flash.  In 
order  for  the  critical  detail  of  a  test  object  to  be  seen  "through" 
the  afterimage,  the  object  must  produce  a  primary  image  of  suf¬ 
ficient  brightness  to  create  detectable  contrasts.  The  time  between 
the  flash  exposure  and  the  time  that  the  observer  can  distinguish 
critical  detail  is  called  the  recovery  time  and  is  a  measure  of  the 
effects  produced  by  the  disturbance. 

The  general  form  of  recovery  time  curves  as  a  function  of 
flash  energy,  assuming  a  constant  flash  duration,  is  shown  in 
Figure  1.  Test  object  luminance  is  the  parameter  between  curves. 
There  will  be  no  significant  effect  on  visual  function  if  the  stimulus 
energy  is  very  low.  As  stimulus  energy  is  increased,  an  increase 
in  recovery  time  '.s  noted,  but  for  exposures  beyond  those  at  which 
maximu.n  bleaching  occurs,  recovery  times  may  change  very  little 
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FIGURE  1.  Effect,  of  flash  energy  and  target  luminance  on  flashblindness  recover 


with  an  increase  in  stimulus  energy.  However,  as  the  flash  energy 
approaches  the  threshold  for  injury,  recovery  time  increases  rapidly 
until  permanent  injury  occurs. 

Test  object  luminance  is  an  important  variable  in  determining 

recovery  times.  The  nature  of  the  relationship  between  test 

object  luminance  and  recovery  time  can  be  seen  from 

Figure  1.  Note  that  for  increasing  test  object  (target)  luminances, 

recovery  times  decrease.  Therefore,  recovery  time  is  a  function 

of  the  integrated  luminous  energy  in  the  flash,  background  lighting 

conditions  and  the  luminance  and  critical  detail  of  the  test  object 

2 

used  to  determine  recovery. 

III.  MATHEMATICAL  MODEL  AND  PREDICTION  TECHNIQUES 

A.  Retinal  Burns 

Whether  or  not  an  observer  will  receive  a  retinal  burn  de¬ 
pends  upon  whether  or  not  the  retinal  radiant  exposure  (Qr)  exceeds 
the  threshold  exposure  (Qc).  Thus,  the  problem  of  calculating  a 
safe  separation  distance  is  simply  that  of  determining  the  distance 
at  which  Qr  =  Qc.  The  procedure  for  calculating  these  two 
quantities  follows. 
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1.  Determination  of  Qr 

The  first  problem  is  the  computation  of  the  "source  term", 
i,  e. ,  the  power  output  of  the  weapon  as  a  function  of  time  and  wave¬ 
length  for  any  yield.  Spectral  power  is  given  by 


Px  =  a (X,  t*)  wb(X,t  } 


where 


yield  (kilotons) 


,  .  f  cal  \ 

spectral  power  -  J 

\sec-u  ) 


t{sec) 

t2max 


t(sec' _ 

0.  037\V°*  47 


(£o_\ 

W  J 


p.  282 


and  is  called  the  scaled  time. 


real  time  after  onset  of  pulse  (sec) 


c2max 


=  0. 037W 


0.  47 


0.282 


=  density  of  atmosphere  at  sea  level 
=  density  of  atmosphere  at  burst  height 


The  coefficients  a(X,  t  )  and  the  exponents  b(X  ,  t''’)  reflect  Operation 
Dominic  experience  (Project  4.1)  and  have  been  compiled  for  10 
discrete  wavelength  bands.  It  should  be  noted  that  the  altitude 
dependence  of  the  power  term  has  been  taken  into  account  by  the 
inclusion  of  the  atmospheric  density  factor  in  the  expression  for 
scaled  time.  ^  As  the  burst  height  of  a  given  weapon  increases. 
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the  scaled  time  also  increases;  this  corresponds  to  the  fact  that  the 
real  time  required  to  release  a  specified  amount  of  energy  decreases 
with  increasing  altitude. 


Because  the  computer  program  uses  spectral  radiance,  N,, 

A 

instead  of  spectral  power,  it  is  necessary  to  calculate  the  fireball 
diameter,  FD.  as  a  function  of  time,  yield,  and  burst  height.  Ex¬ 
perimental  fireball  data  as  well  as  theoretical  computations  were 
used  in  deriving  the  following  scaling  relationship: 


FD(t«,  W)  (cm)  =  21.  350  FRs{t*)W°*  35 


0.  13 


(2) 


whe  re 


FD{t*,  W)  =  actual  fireball  diameter  in  cm  at  scaled  time  t* 
and  yield  W. 

FRgft*}  =  scaled  fireball  radius  in  cm  determined  from 
experiments. 


This  expression  should  be  reasonably  valid  over  the  range  of  yields 
and  burst  altitudes  considered  in  this  report. 


With  spectral  power,  P.  ,  and  fireball  diameter,  FD  (tv).  deter - 

Ai 

mined,  the  spectral  radiance,  Nx.  .  is  computed  as  follows: 


4=  (  cal.  \  Px,(W.Xi,t-} 

Nx.(W,Xiftf)  (— 2 - -  = 

Xi  J  icm^-sec-iwW  fiFD{t?)]2 


(3) 


Retinal  irradiance  is  calculated  for  all  times  of  interest,  t j  .  at  a 
given  horizontal  range,  S: 
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TCXj.D).  however,  remains.  As  noted  above,  the  total  transmission 
is  composed  of  three  parts:  transmission  through  the  atmosphere 
from  fireball  to  observer,  transmission  through  any  canopies  or 
filters,  and  transmission  through  the  ocular  media  of  the  subject 
being  considered. 

Spectral  transmission  values  for  the  ocular  media  of  the  human 
were  obtained  from  Boettner  and  Wolter.4  It  is  assumed  that  no 
filters  will  be  present  to  obstruct  vision  and  that  the  spectral  trans¬ 
mission  values  for  an  aircraft  window  taken  from  the  Dominic  pro¬ 
ject  report  are  representative  for  aircraft  windshields5. 

Narrow  beam  transmission  through  the  atmosphere  is  assumed 
and  this  simplified  model  includes  only  scattering  by  air  and  water 
vapor.  No  account  is  taken  of  water  vapor  absorption  and  the 
effects  of  dust  or  other  contaminants.  Thus,  transmission  through 
this  simplified  atmosphere  is  given  by 

T»  D>  *  [Tair  no]  AM  [rH20<li>]  W  m 

where 

^"air'^'i^  =  transmission  for  pure  dry  air  for  one  gram  per 

square  centimeter  in  the  spectral  band  centered  at 
wavelength  X. 
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=  =E 


U 


THzO(Ai) 


AM 


w 


transmission  for  one  precipitable  centimeter  of 

water  vapor  (one  gram  per  square  centimeter)  in  the 

spectral  band  centered  at  wavelength 

number  of  grams  per  square  centimeter  of  air  in 

the  direct  path  from  fireball  to  observer 

number  of  precipitable  centimeters  (grams  per  square 

centimeter)  of  water  vapor  in  the  direct  path  from 

fireball  to  observer 

total  atmospheric  transmission  in  the  spectral  band 
centered  at  wavelength  X.  for  the  direct  path  between 
the  fireball  and  the  observer 


Tair'M)  anc*  ,o  are  taken  from  Smithsonian  Meteorological 
2 

6 

Tables.  In  order  to  calculate  AM  and  W.  an  integration  along  the 
slant  path  is  made  for  the  air  and  the  water  vapor  density.  That  is, 


Ta<M»  D> 


ft 


!  D(h)dl 
J 

D 


(8) 


w  (£2,' 

Pi 


/wVDc-(WLR1(hldl 

D 


(9) 


where 


u  (h)  -  density  of  the  atmosphere  ( j  as  a  function  of  altitude, 

\cmJ/ 


h  (km) 


i  1 


IMiiinwiHiiiiiiwiiiiiiiiKiiiriHii 


dl  =  element  of  slant  path  between  detonation  and  observer 
in  centimeters 

WVD  =  water  vapor  density  at  sea  level3=  0.000022 

cm- 

WLR  =  water  vapor  density  lapse  rate^-  0.  539?  — 

km 


Figure  2  illustrates  the  quantities  involved  in  the  integration  pro¬ 
cedure.  The  program  takes  note  of  the  sphericity  of  the.  earth  and 
precludes  the  calculation  of  a  separation  distance  that  would  lie 
beyond  the  horizon. 


To  calculate  safe  separation  distances  for  a  prescribed  atmos¬ 
pheric  visibility,  the  constants  WVT>  and  WLR  in  the  equation  for 
water  vapor  density  as  a  function  of  altitude  arc  modified.  For  a 
10  km  visibility,  WVD  is  given  a  value  which  will  reduce  the  sea 
level  transmission  tc  two  per  cent  at  10  km.  WLR  is  given  a  value 
such  that  the  modified  water  vapor  density  is  equal  to  the  unmodified 
water  vapor  density  when  the  two  are  compared  at  an  altitude  of 
five  miles. 


2.  Determination  of  Qc 

The  determination  of  the  appropriate  Qc  is  accomplished  using 
the  burn  threshold  values  measured  by  Technology  Incorporated 

g 

under  Contract  AF41{609)-3099.  The  measured  burn  thresholds 
(measured  using  rabbits)  have  been  fitted  with  the  expression: 
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3  -I 
1 


Qc  tlSJ  *  Mr2  *  hjii]  < 


where 


d-  (mm)  =  image  diameter 


PQ(t)  and  HQ(t)  are  known  tabular  functions. 


Figure  3  shows  the  resulting  curves  for  exposure  times  between 
10  and  10  seconds.  However,  the  diiference  between  the  way  the 
laboratory  threshold  exposures  were  made  and  the  way  exposures 
from  nuclear  weapons  occur  necessitates  careful  consideration  when 
comparisons  are  made. 


At  low  altitudes,  the  fireball  exhibits  a  typical  two  pulse 
behavior;  unfortunately  the  laboratory  threshold  exposure  data  were 
taken  with  single  square  pulse  exposures.  Thus,  actual  field  data 
(with  a  continuously  varying  irradiance)  and  the  laboratory  data  (with 
a  constant  irradiance)  are  not  directly  comparable.  This  is  further 
complicated  by  the  fact  that  the  image  increases  in  size  with  time 
in  the  case  of  a  nuclear  exposure,  whereas  the  laboratory  measure¬ 
ments  were  made  wdth  fixed  size  images. 


The  approach  used  here  is  to  approximate  the  actual  exposure 
during  time  t,  with  an  exposure  calculated  as  if  it  occurred  under 
conditions  similar  to  those  in  the  laboratory;  i.  e. ,  fixed  size 
square  pulse  exposure.  This  is  accomplished  by  determining  an 


,ilk t44«liWwJLiU.li«jl%MLu|  ill 


effective  image  diameter  (d^  )  during  the  exposure  time  t  and  by 

assuming  that  the  entire  exposure  occurs  at  the  maximum  retinal 
irradiance  {Hr  X)  experienced  up  to  time  t.  In  order  to  conserve 
the  total  retinal  exposure  {Qr)  an  effective  exposure  time  (te^)  is 
established  with  the  relationship: 


teff 


Qr 

TmraxT 

-*r 


(H) 


The  effective  exposure  time  i.f  calculated  for  each  cumulative  time 
and  is  used  in  Equation  10  for  the  critical  exposure  Qc.  Because 
the  total  energy  in  the  first  pulse  is  less  than  one  per  cent  of  the 
total  energy  in  the  second  pulse,  the  calculation  of  te^  is  begun 
anew  at  the  second  pulse;  i.  c.,  Qr  is  set  equal  to  zerc  .d  any 

previous  value  of  Hr  is  neglected. 


The  effective  image  diameter  during  the  time  t  is  established 
by  weighting  the  actual  image  area  as  a  function  of  time  with  the 
retinal  irradiance  (Hr).  This  places  most  emphasis  on  the  image 
diameters  that  exist  when  the  irradiance  is  greatest.  The  weighting 
is  done  conserving  energy  (£r)  on  the  retina  and  assumes  a  uniform 
irradiance  across  the  image; 


=  A 


eff 


/ 


Hyttjdt  = 


Aeff  Q. 


r<‘>  =  f 


A.(t)Hr{t)dt 


(12) 
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where 


A(t)  = 
.eff 


Qr(l) 


—  =  area  of  the  retinal  image 
e  ff  ~l  ^ 

—  kh  "  J  =  area  of  the  effective  retinal  image  for 
the  time  t 

total  retinal  exposure  at  the  center  of  the  image  for 
the  time  t 


Upon  rearrangement,  the  following  expression  is  obtained  for  the 
effective  image  diameter: 

Jpiftfirft)* 


di 


eff 


(13) 


Upon  substituting  the  effective  exposure  time  and  the  effective 
image  diameter  into  Equation  10,  the  following  equation  is  obtained: 


.eff 


(14) 


Equations  6  and  14  complete  the  calculation  of  the  retinal  exposure 
and  threshold  exposure.  However,  a  safety  factor  of  2  is  applied 
to  Qr  to  account  for  inadequacies  in  the  source  data  as  well  as 
approximations  in  the  method.  A  safety  factor  of  4  is  also  applied 
to  Qr  to  compensate  for  the  fact  that:  one,  the  threshold  data  were 
obtained  for  burns  appear  ug  within  five  minutes  after  exposure  on 
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rabbits  and  minimal  burns  could  appear  at  still  later  times;  and, 
two,  that  the  human  fovea  is  assumed  to  be  more  sensitive  than  the 
rabbit  eye  which  has  no  fovea.  With  these  safety  factors  included, 
the  equation  to  be  solved  for  the  safe  separation  distance  is  8Qr  = 

Q  .  Sample  safe  separation  envelopes  are  presented  in  Figure  4. 
Figure  5  shows  the  results  of  tests  for  retinal  burn  on  rabbits 
during  Operation  Dominic.  Also  shown  are  burn  threshold  distances 
predicted  with  the  present  model  for  the  rabbit  and  safe  separation 
distances  for  man  with  the  safety  factor  of  5. 

B.  Flashblindness 

In  order  to  ascertain  whether  an  observer  in  a  given  situation 

will  be  "flashblinded”  for  more  than  an  acceptable  period  of  time, 

it  is  necessary  to  consider  three  factors.  These  three  factors  are 

the  image  diameter,  the  direct-image  exposure,  and  the  extra -image 

9 

exposure.  Preliminary  evidence  by  Richey  indicates  that  impera¬ 
tive  visual  information  can  be  extracted  from  a  typical  aircraft 
instrument  panel  following  exposure  tc  a  centrally  fixated  flash  of 
light,  provided  the  image  subtends  a  visual  angle  less  than  3°.  In 
view  of  this  result,  a  focused  image  on  the  fovea  of  less  than  0.  9 
millimeters  {0.  9  millimeters  corresponds  to  a  3°  visual  angle)  is 
considered  to  have  no  significant  effect  on  the  observer's  ability  to 
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■  1 


perform  this  kind  of  visual  task.  Therefore,  the  calculation  of  a 
safe  separation  distan,  ■  for  flashblindness  is  essentially  reduced  to 
one  of  finding  the  horizontal  range  at  which  the  retinal  exposure.. 

Er  (trole££-sec’i.  either  direct  or  extra-image  at  1.5°  from  the 
fovea,  is  equal  to  the  threshold  retinal  exposure.  Ec  {troleff- sec). 
The  determination  of  Er  (with  the  assumption  that  the  image  is 
centered  on  the  fov^a--a  worst  case  philosophy)  and  Ec  is  explained 
in  the  fo5lowing  sections. 


1.  Determination  of 

Since  the  direct-  and  extra-image  exposures  are  essentially 
products  of  different  mechanisms,  they  will  be  dealt  with  separately 
in  this  section.  The  direct-image  exposure  will  be  calculated  first. 


Direct  image  retinal  exposure.  E^{trole££-sec)  at  a  time  t^  and 

at  a  Horizontal  range  5  is  equal  to  the  product  of  the  time -integrated 

,  /cd-sec)  .....  ,  , 

luminance  ct  the  source  l - 7 — }  and  the  eitective  area  of  the 

\  m~  / 

Z 

observer's  pupil 

k  10 

‘  7(PDeffl2>  ) 


where 


j=l  i=I 


L*  (X-.t-l  =  soectral  luminance  of  the  fireball  in  5  at 

-**i  1  J  ‘  *  m^-u 

v. 

time  t-  and  for  the  bandwidth  centered  at  *. 

J  1 


Tax(Xi,D)  =  transmission  through  the  atmosphere  from  source 
to  observer  and  the  transmission  through  any 
canopies  or  filters 

PDe££  =  effective  pupil  diameter  (mm) 


An  effective  pupil  diameter  is  used  because  of  the  Stiles -Crawford 

i  0 

effect  and  is  calculated  from  the  empirical  formula* 

s2 


PD„(mm2)  =  PD* 
eil 


PD  PD 

1.0-0. 085  -g—  r  0.  002  -^g~ 


(16) 


Spectral  luminance  is  the  photometric  equivalent  of  spectral  radiance 
and  is  computed  as  follows: 


=  4.19xl04xKVxNx.!Ai.tJf) 


where 


K  =  maximum  (555  rap)  photopic  luminous  efficiency  =  680 


(IT) 


lumens 

watt 


V.  = 
X? 


average  photopic  relative  luminous  efficiency  over  the 
bandwidth  £X.  based  on  a  10°  field  of  observation. 
{Commission  Internationale  de  l'Eclairage) 


On  substituting  Equation  17  into  Equation  15,  the  following 
expression  is  obtained: 


k  10 


Er<troleff-3C~-  = 


7  2\ 

2.24  x  10  (PDe{f) 


l 

j=l  i=l 


(X.,t.)T,  (X..  D)b\.U. 
1  M  i  j '  ax*  i  •  i  j 

(18) 
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Equation  18  is  used  for  the  retinal  exposure  as  1  ang  as  the  image 


diameter  (at  time  t  and  at  distance  S)  is  larger  tnan  0.9  mm.  If 

K 

the  image  diameter  is  less  than  0.  9  mm.  the  extra  -image  exposure 
is  calculated. 

The  extra -image  exposure  is  theoretically  attributable  to  three 
separate  sources:  these  are  the  intra-ocular  scattering,  the  atmos¬ 
pheric  scattering,  and  the  reflected  energy  from  clouds,  ground  and 
water.  3ecause  of  the  extreme  range  of  conditions  that  can  exist 
in  actual  situations,  no  account  was  taken  of  the  exposure  from 
clouds,  ground,  water  and  other  reflecting  surfaces  in  the  results 
presented  here. 

11,12 

Vos  has  derived  an  expression  for  intra-ocular  scattering 

as  well  as  one  for  atmospheric  scattering  based  on  the  following 
assumptions: 

a.  the  fireball  is  a  point  source  with  respect  to  the 
scattered  ligki. 

b.  the  scattered  light  varies  inversely  with  the  square 
of  the  distance  from  fireball  to  the  observer, 

c.  the  extra-image  exposure  at  a  point  on  the  retina  is 
dependent  upon  the  angle  between  that  point  and  the 
direction  of  fixation  (i.  e.  ,  the  direction  of  the  fireball). 


| 

§ 
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ex 


Extra-image  retinal  exposure,  Eq  {troleff-sec).  from 'the  intra-ocular 
scattering  is  given  by: 


2jL  10 


ex 

E  (trol  ..-sec 
o  eff 


j'-i  ;=i 


(19) 


cx 

while  that  for  atmospheric  scattering, Ea  ftrole££-sec)  is  given  by: 
■  ,  -9.87(PDeff) 

Ea  (,ro‘ef rsec)  =  5^5 -  x 


k  10 

I  r 

j=l  i=l 


[_  (FDj)2  Lx  (X-.  tj}  Taj£(Xi,  D)  iogeTa  (X;,  D)&  X,  n  t  ■ 


(20) 


where 

ex 

Eq  =  extra-image  exposure  due  to  intra -ocular  scattering  at  a 

time  tj.  and  at  a  horizontal  range  S 
ex 

E  =  extra-image  exposure  due  to  atmospheric  scattering  at  a 
a 

time  t^  and  at  a  horizontal  range  S 
6  =  angle  in  degrees  between  the  direction  of  fixation  and  the 
direction  corresponding  to  the  point  at  which  the  extra¬ 
image  exposure  is  being  calculated 


and  all  other  quantities  are  as  previously  defined.  Equations  18, 
19  and  20  are  the  complete  expressions  for-  the  direct-  and  extra - 
image  exposures. 
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2.  Critical  Exposure.  Ec 

The  critical  exposure  for  flashblindness  calculations  is  that 
exposure  for  which  the  observer  will  be  unable  to  perform  a  specified 
visual  task  for  10  seconds.  It  is  evident  from  Figure  i  that  target 
or  task  luminance  ii-  a  highly  important  variable  in  the  determina¬ 
tion  of  recovery  time  for  a  given  stimulus.  Therefore,  a  value  of 
task  luminance  must  be  selected  for  both  the  day  and  the  night 
conditions  before  a  threshold  exposure  can  be  defined.  The  average 

instrument  luminance  under  night  conditions  has  been  taken  as  .  07 
1  3 

millilamberts *  ,  whereas  that  for  day  conditions  is  assumed  to  be 
14  13 

20  millilamberts.  According  to  Miller  .  the  foveal  exposures 
corresponding  to  the  above  task  luminances  for  10  second  recovery 
times  are  7.87  x  103  trole£f-sec  and  1.97  x  10~  troler.~ sec, 
respectively.  It  should  be  noted  that  the  transmission  through  the 
eye  has  not  been  included  in  the  threshold  exposures:  and  so.  D) 

does  not  include  the  the  eye  transmission  for  any  flashblindness 
calculations. 

As  in  the  case  of  retinal  burns,  safety  factors  have  been 
introduced  into  these  calculations.  A  factor  of  2  is  again  included 
in  the  calculated  exposure  values  to  compensate  for  possible  errors 
in  weapon  output  data.  A  factor  of  2  is  introduced  into  the  thres¬ 
hold  value  to  account  for  variations  among  individuals.  Thus,  the 
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equation  to  be  solved  for  "safe”  separation  for  flashblindness  is 
4  Er  =  Ec  where  Er  is  the  luminous  exposure  at  a  position  1.5° 
from  the  fovea  calculated  using  equations  18  or  19  and  20,  which¬ 
ever  is  appropriate.  Sample  safe  separation  envelopes  are  presented 
in  Figure  6. 
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RETINAL  BURN  SAFE  SEPARATION  DISTANCE  CURVES 


Retinal  burn  safe  separation  distances  have  been  calculated  by 
the  method  described  in  this  report  for  seven  yields  (.01,  .10,  1.0, 
10.,  100.,  1000.,  and  10000.  KT.  },  three  burst  heights  (1.0,  10., 
and  50.  kft. ),  ?  o  visibilities  (10.  and  100,  km),  and  for  day  and 
night  conditions.  The  results  of  these  calculations  are  included  in 
this  appendix.  Each  graph  presents  safe  separation  distance  as  a 
function  of  observer  altitude  for  a  particular  yield,  burst  height, 
visibility,  and  for  day  or  night  conditions.  Blink  time  is  the  para¬ 
meter  between  curves,  and  blink  times  of  .  10,  .15,  .20,  .  50,  1.0, 
and  5,0  sec  are  included  in  each  graph  (except  where  interpolation 
between  times  is  obvious). 

All  graphs  for  day  conditions  are  presented  first  and  followed 
by  those  for  night  conditions.  Within  these  large  divisions,  the 
graphs  are  arranged  in  order  of  increasing  yield;  a  further  sub¬ 
division  is  made  to  include  increasing  visibilities  and  a  final  sub¬ 
division  is  made  for  increasing  burst  heignts.  For  burst  heights 
of  50  kilofeet,  the  safe  separation  distances  should  be  used  with 
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FLASHB LINDNESS  SAFE  SEPARATION  DISTANCE  CURVES 


Safe  separation  distances  for  flashblindness  have  been  deter¬ 
mined  as  explained  in  this  report  for  seven  yields  (.01,  .10,  1.0, 
10.,  100,,  1000.,  and  10000.  KT),  three  burst  heights  (1.0,  10.0, 
and  50.  kft. ),  one  visibilicy  (100  km.),  and  for  day  and  night  con¬ 
ditions.  The  results  are  presented  in  this  appendix  as  a  set  of 
graphs  of  safe  separation  distance  versus  observer  altitude.  Each 
graph  is  plotted  for  a  specified  yield,  burst  height,  and  for  day  or 
night  conditions,  with  blink  time  as  the  parameter  between  curves. 
Seven  blink  times  (.  10,  .15,  .20,  .25,  .  50,  1.0,  and  5.0  sec) 
are  included  on  each  graph  except  where  the  interpolation  from  one 
blink  time  to  another  is  evident. 

The  graphs  for  day  conditions  are  presented  first  and 
followed  by  those  for  night  conditions.  Each  of  these  major  divi¬ 
sions  is  then  subdivided  by  the  yields  in  ascending  order,  and  a 
further  subdivision  is  made  for  the  increasing  burst  heights.  The 
safe  separation  distances  obtained  from  these  graphs  for  weapons 
detonated  at  50  kft.  should  be  used  with  prudence. 
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'Time  and  wavelength  dependent  mathematical  models  for  retinal  burns 
and  for  flashblindhess  from  nuclear  detonations  are  developed  in  this  ■’eport. 
These  models  are  incorporated  into  a  computer  program  with  the  latc-t 
weapon  and  burn  threshold:  data  to  calculate  safe  separation  distances  as  a 
function  of  time  for  given  sets  of  initial  conditions.  The  results,  which 
present  safe  separation  envelopes  with  time  as  a  parameter,  are  included 
in  the  appendices.  Yield,  altitude  of  detonation,  visibility  and  day  or  night 
conditions  are  also  parameters.  Retinal  burn  predictions  with  this  model 
compare  favorably  with  the  experimental  results  obtained  during  Operation 
Dominic. 
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